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Abscission zone (AZ) development and the progression of abscission (detachment of
plant organs) have been roughly separated into four stages: first, AZ differentiation;
second, competence to respond to abscission signals; third, activation of abscission;
and fourth, formation of a protective layer and post-abscission trans-differentiation. Stage
three, activation of abscission, is when changes in the cell wall and extracellular matrix
occur to support successful organ separation. Most abscission research has focused
on gene expression for enzymes that disassemble the cell wall within the AZ and
changes in phytohormones and other signaling events that regulate their expression.
Here, transcriptome data for soybean, tomato and Arabidopsis were examined and
compared with a focus not only on genes associated with disassembly of the cell
wall but also on gene expression linked to the biosynthesis of a new extracellular
matrix. AZ-specific up-regulation of genes associated with cell wall disassembly including
cellulases (beta-1,4-endoglucanases, CELs), polygalacturonases (PGs), and expansins
(EXPs) were much as expected; however, curiously, changes in expression of xyloglucan
endotransglucosylase/hydrolases (XTHs) were not AZ-specific in soybean. Unexpectedly,
we identified an early increase in the expression of genes underlying the synthesis of a
waxy-like cuticle. Based on the expression data, we propose that the early up-regulation
of an abundance of small pathogenesis-related (PR) genes is more closely linked to
structural changes in the extracellular matrix of separating cells than an enzymatic role in
pathogen resistance. Furthermore, these observations led us to propose that, in addition
to cell wall loosening enzymes, abscission requires (or is enhanced by) biosynthesis
and secretion of small proteins (15–25 kDa) and waxes that form an extensible
extracellular matrix and boundary layer on the surface of separating cells. The synthesis
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of the boundary layer precedes what is typically associated with the post-abscission
synthesis of a protective scar over the fracture plane. This modification in the abscission
model is discussed in regard to how it influences our interpretation of the role of multiple
abscission signals.
Keywords: abscission, Arabidopsis, ethylene, IDA, soybean, tomato, transcriptome, cuticle biosynthesis
INTRODUCTION
The process of abscission is roughly divided into four sequential
stages with slight modifications by different authors (Patterson,
2001; Estornell et al., 2013): first, abscission zone (AZ)
differentiation; second, competence to respond to abscission
signals; third, activation of abscission; and fourth, formation
of a protective layer and post-abscission trans-differentiation.
It was recognized many years ago, based on light and electron
microscopy, that during the activation of abscission (i.e.,
abscission stage 3) AZ cells expand at the fracture plane
and the cells separate along the middle lamella (Hall and
Sexton, 1974). It has been assumed that the swelling of these
cells helps to create the forces necessary to break vascular
connections (i.e., rigid xylem vessels), which then allows the
organs to separate. Many genes and proteins linked to cell
wall loosening and degradation of the middle lamella including
cellulases (beta-1,4-endoglucanases, CELs), polygalacturonases
(PGs), xyloglucan endotransglucosylase/hydrolases (XTHs), and
expansins (EXPs) have been identified and characterized from
AZ of several different plant species (Roberts et al., 2002). Also
commonly observed at this stage in organ abscission is an
up-regulation of defense genes, which includes pathogenesis-
related (PR) genes (Del Campillo and Lewis, 1992; Meir
et al., 2011; Gonzalez-Carranza et al., 2012; Estornell et al.,
2013). The role of PR gene expression during abscission
is often assumed to protect vulnerable abscising cells from
opportunistic pathogen invasion (Del Campillo and Lewis,
1992).
In addition to cell wall loosening and PR genes, a great
deal of attention has been directed toward the identification
and characterization of signals that initiate abscission (Taylor
and Whitelaw, 2001; Roberts et al., 2002; Liljegren, 2012).
Phytohormones and other signals that have been shown to
modulate abscission are many-fold: ethylene, auxin, abscisic
acid, jasmonic acid, and IDA (a small secreted peptide named
INFLORESCENCE DEFICIENT IN ABSCISSION) (Taylor
and Whitelaw, 2001; Roberts et al., 2002; Liljegren, 2012;
Kim et al., 2013). These abscission signals, however, may
not all act in synchrony but sequentially or independently
(Patterson and Bleecker, 2004). It is not our intention
here to evaluate the role of a multitude of abscission
signals, but rather focus on the cellular processes that these
signals initiate and regulate. A more complete understanding
of the processes and mechanisms utilized for successful
organ separation will help to clarify the interactions and
interdependencies of the various signals that regulate these
processes.
Technological advances have made it possible to now obtain
expression results for the entire transcriptome of any desired
tissue or developmental program (Zhong et al., 2011; Grassi
et al., 2013). In the present work we performed RNA-seq of
soybean leaf AZs (LAZ) and the petioles after the AZs were
removed (non-AZ petiole, NAZ-pet) harvested from explants
exposed to ethylene for 0, 12, 24, 48, and 72 h, and compared
the results to microarray data for RNA collected from tomato
flower pedicel AZ (FAZ) and proximal non-AZ pedicel (NAZ)
at 0, 4, 8, 12, 16, and 20 h after removal of the flowers.
In addition, we compared the soybean and tomato results to
RNA-seq results for the transcriptomes of Arabidopsis flower
receptacles from wild type (WT) and the hae-hsl2 double mutant
(Niederhuth et al., 2013). If left untouched, the petals, sepals
and stamens of the hae-hsl2 mutant do not abscise (Niederhuth
et al., 2013) The Arabidopsis data is not a time-course study
of differential gene expression during floral organ abscission;
nevertheless, the AZ tissues (receptacles) were collected at an
early stage of abscission (stage 15) when changes in gene
expression for cell separation were first evident in the WT
AZ, and, therefore, useful for comparing to early stages of
soybean and tomato abscission. Inclusion of the Arabidopsis
results in comparison to the soybean and tomato results further
highlights shared processes associated with abscission and also
the independence and interdependence of regulatory pathways
controlling abscission.
We focus here on genes associated with the disassembly and
modification of the primary cell wall of the AZ cells, and also
the synthesis of a new and different extracellular matrix on
the AZ cells as abscission progressed. As expected, we found
many homologous and orthologous genes annotated as cell wall
loosening and PR proteins that were previously reported to be
up-regulated during abscission in many species (Tucker et al.,
1988; Kalaitzis et al., 1997; Roberts et al., 2002; Lashbrook
and Cai, 2008; Meir et al., 2010). Of special interest here was
the early and abundant expression in all three transcriptomes
of genes encoding small (15–25 kDa) secreted proteins and
genes associated with the deposition of a wax-like cuticle. The
expression profiles for many of these genes were very similar
to those for cell wall disassembly, i.e., cellulase, PGs, and
EXPs. These observations led us to propose that secretion of
small proteins and a wax-like cuticle might play an important
role in restructuring the extracellular matrix to facilitate organ
separation independent of the deposition of a protective scar after
separation is complete. The need to synthesize a boundary layer
during separation is discussed in regard to abscission signals and
their regulation of gene expression required for successful organ
separation.
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METHODS
Plant Material
Soybean (Glycine max, cv. Williams82) plants were grown in the
greenhouse and harvested when the primary leaves were fully
expanded (19–24 days). Stem-petiole explants were prepared
by cutting the stem approximately 4 cm below the leaf node
and removing all but approximately a 5-mm triangular portion
of the primary leaf blade (Supplemental Figure S1). Explants
were placed in Erlenmeyer flasks with water and put into a
darkened chamber wherein 25µL/L ethylene in air saturated
with water was passed through at a rate of 2 L/min at 25◦C. In
soybean, there is an AZ at the base of the petiole at the juncture
with the stem (lower AZ) and another AZ at the distal end
of the petiole approximately 1mm below the leaf blade (upper
AZ) (Supplemental Figure S1). In our system with ethylene
treatment, the petiole separated from the stem at the lower AZ
at approximately 48 h from just the weight of the petiole, but
the distal portion of the upper AZ at the top of the petiole,
which is rather small and light, did not sometimes fall away from
the petiole even after 72 h of ethylene. To assess the extent of
separation at the upper AZ, the distal part of the AZ was gently
touched with forceps and, if it fell away from the petiole, the
AZ was recorded as having fully abscised. Nonetheless, with high
humidity, the petiole and AZ continue to senesce after separation
from the parent plant, and did not dry out. Approximately 2mm,
which included approximately 1mm of proximal and distal sides
of the upper, leaf AZ (LAZ), was collected from 20 explants
(2 upper AZs per explant or 40AZs total) and flash frozen in
liquid nitrogen. After excising the AZ, the petiole ends were
again trimmed to avoid incidental collection of any AZ tissue and
the petioles (NAZ-pet) were flash frozen. The lower AZ was not
collected, because at this stage of growth the petioles are relatively
small and we wanted to avoid incidental collection of a portion
of the lateral bud that is very close to the lower AZ. Collection
of a small part of a lateral bud with a meristem in it would
compromise the interpretation of AZ-specific gene expression.
AZs and petioles (NAZ-pet) were collected at 0 h (immediately
prior to ethylene treatment) and at 12, 24, 48, and 72 h after
the ethylene treatment had begun. Plants were grown, explants
prepared and samples collected three separate times to give three
independent experimental replicates.
Flower clusters (inflorescences) from tomato (Solanum
lycopersicum) cv. New Yorker were harvested from 4-month-old
greenhouse-grown plants between 08:00 and 10:00 a.m. Explants
were prepared as previously described (Meir et al., 2010). Briefly,
inflorescences bearing at least 2–4 freshly open flowers were
brought to the laboratory under high humidity conditions.
Closed young flower buds and senesced flowers including the
entire pedicel and AZ joint were removed so that only freshly
opened flowers and pedicels remained on the inflorescence.
The stem ends were trimmed, and groups of 2–3 inflorescence
explants were placed in vials containing double distilled water
(DDW). Abscission was induced by cutting the flowers off the
inflorescence at the base of the receptacle. Cutting off the flowers
removes a source of auxin that inhibits abscission (Meir et al.,
2010). Tissue samples for RNA extraction were taken from the
flower AZ (FAZ) and proximal pedicel (NAZ) of 30 segments.
The 2mmFAZ collection included approximately 1mmon either
side of the AZ joint or fracture once it appeared. Samples were
collected at 0 h (immediately before flower removal) and 4, 8, 12,
16, and 20 h after flower removal. Explants were harvested and
tissue samples collected twice for two independent experimental
replicates.
RNA Sequencing and Microarrays
RNA was isolated from soybean LAZ and NAZ-pet after 0,
12, 24, 48, and 72 h of exposure to ethylene using a Qiagen
RNeasy Mini Kit following the standard protocol (Qiagen,
Germantown, MD, USA). Each experiment produced 10 RNA
samples, which resulted in 30 RNA samples for the 3 replicate
experiments. Further RNA purification, cDNA synthesis and
sequencing on an Illumina GAII sequencer were performed at
Cornell University, Ithaca, NY, USA as previously described
(Zhong et al., 2011; Grassi et al., 2013). The 30 RNA samples
were processed, barcoded and run together on the GAII
sequencer. The raw sequence files have been submitted to the
NCBI SRA databases with the study accession SRP050050. On
average, each RNA sample produced approximately 4 million
reads (Supplemental File S2). Raw sequences were trimmed to
remove ambiguous ends. Using Bowtie (Langmead et al., 2009),
approximately 40,000 (1%) of the reads mapped to ribosomal
RNA (rRNA) and were removed from the data set. Using TopHat
(Trapnell et al., 2009), approximately 90% of the remaining RNA
mapped to a predicted soybean transcriptome (cds) (G. max 189
genome assembly). Multiple versions (splice variants) were not
taken into account. A single version (usually the last version)
was used for alignment. A total of 54,175 transcripts were used
for the alignment. The number of reads that aligned to a gene
was normalized as Reads Per Kilobase per Million mapped reads
(RPKM) (Mortazavi et al., 2008).
For a gene to be counted as expressed in the LAZ or NAZ-
pet, we required that the mean RPKM for the three replicates
be at least 1.0 or greater in at least one of the treatments. Using
a cutoff of 1.0 RPKM resulted in the selection of 37,572 genes
as being expressed in the soybean LAZ or NAZ-pet between 0
and 72 h of exposure to ethylene (Supplemental File S2). Then,
to avoid ratios with a zero in the numerator or denominator, any
RPKM of less than 0.1 was given the minimal value of 0.1. QPCR
was performed as previously described (Tucker et al., 2007) on
a few selected genes to confirm that the RNA-seq and RPKM
normalization produced the expected expression profile (results
not show).
The Meir lab at the Volcani Center, Bet-Dagan, Israel has
prepared a tomato AZ-specific microarray chip in collaboration
with Genotypic Technology Pvt. Ltd., Bangalore, India. Each chip
includes 111,718 probe sets for more than 40,000 transcripts.
Probe sets were designed using RNA-seq results for pooled
RNA samples from non-induced and induced tomato flower
pedicel and AZ tissue as described above. However, for the
RNA sequencing, the tissues were collected from Solanum
lycopersicum cv. “VF-36.” Transcriptome libraries for sequencing
were constructed according to the Illumina TruSeq RNA library
protocol outlined in “TruSeq RNA Sample Preparation Guide”
Frontiers in Plant Science | www.frontiersin.org 3 December 2015 | Volume 6 | Article 1109
Kim et al. Biosynthesis of a Separation Boundary Layer
(Part # 15008136; Rev. A, Illumina, USA). The DNA obtained
from the prepared libraries was denatured and sequenced on
the Illumina Genome Analyzer IIX, using the sequencing by
synthesis method to read 72 bases per end. The raw sequencing
data were then extracted from the server using the proprietary
Illumina pipeline software to obtain a sequence data set in
a Fastq format. Quality check of raw data was performed
using SeqQC –V2.0 program. The raw sequence data and array
information were submitted to the Gene Expression Omnibus
(GEO) at the National Center for Biotechnology Information
(NCBI) with GEO IDs GSE45355 and GSE45356, and array ID
AMADID:043310. Expression was validated by qPCR (results not
shown).
For the tomato microarray results, a gene was considered to
be expressed, if the minimum mean signal for two replicates
was >10 in at least one time point in either the NAZ or FAZ.
This selection criterion resulted in the selection of 26,527 genes
as being expressed in the FAZ or NAZ. Then, to avoid ratios with
a zero in the numerator or denominator, any signal of less than
1.0 was given the minimal value of 1.0.
The RNA-seq results reported here for Arabidopsis WT and
the hae-hsl2 mutant are a reformulation of data from Additional
file 2 in Niederhuth et al. (2013). Arabidopsis receptacles, which
included the floral organ AZs, were collected as described
(Niederhuth et al., 2013). To conform to the analysis of the
soybean and tomato transcriptomes, the log2 fold change was
reversed to WT over hae-hsl2. Similar to the other data sets, a
minimum of >10 reads per gene was required to consider the
gene as being expressed in either WT or the mutant, and any
reads per gene of less than 1.0 was given a minimal value of 1.0 to
avoid complications arising from having a zero in the numerator
or denominator (Supplemental File S4).
RESULTS AND DISCUSSION
Differences in Experimental Design
The objective of this study was to identify processes directly
linked to successful organ separation that are common to a
variety of abscission systems. However, how abscission data is
collected is not done the same by all researchers. Therefore,
what first needs to be addressed and fully understood are the
differences in experimental approaches used to study abscission
in soybean, tomato and Arabidopsis. The explant system used to
study abscission in soybean and tomato was established many
years ago (Addicott, 1982; Sexton and Roberts, 1982). It is a
versatile system in which a variety of hormones and chemicals
can be exogenously applied. An important part of the explant
system is the removal of the source of auxin, i.e., soybean leaves
or tomato flowers. Moreover, in soybean and tomato, ethylene
is essential for leaf and flower abscission, respectively (Lanahan
et al., 1994; Meir et al., 2010; Tucker and Yang, 2012). In the
soybean experiments, the explants were continuously exposed to
a high concentration of ethylene (25µL/L), which synchronizes
and accelerates abscission, but also induces senescence and
ethylene-regulated defense gene expression (Abeles et al., 1992).
After a 72 h exposure to ethylene, both the petiole and AZ turned
yellow. Thus, treating the entire explant with ethylene removes
the variable of none uniform synthesis of ethylene between the
AZ and petiole, and reduces differential gene expression linked
solely to ethylene.
In the tomato experiments, the inflorescences were not treated
with ethylene. However, because ethylene is essential for tomato
flower abscission (Lanahan et al., 1994; Meir et al., 2010), it
is likely that upon removal of the auxin source ethylene was
synthesized in the inflorescence but the synthesis of ethylene
may not have been equal in the FAZ and NAZ (discussed later).
Nonetheless, the tomato system reflects a more natural process
that would occur during flower abscission on the intact plant.
The leaves and flowers of Arabidopsis do not normally
abscise and, therefore, Arabidopsis abscission scientists study the
abscission of floral organs, petals, stamens, and sepals (Bleecker
and Patterson, 1997; Patterson, 2001; Butenko et al., 2003). The
Arabidopsis data we used here was collected and published
by Niederhuth et al. (2013). They collected flower receptacles
from WT and the double mutant hae-hsl2 at developmental
stage 15 flowers. HAE and HSL2 are redundant receptor-like
kinases that bind the IDA (INFLORESCENCE DEFICIENT IN
ABSCISSION) signaling peptide (Cho et al., 2008; Stenvik et al.,
2008; Butenko et al., 2014). In the ida mutant, as in the hae-
hsl2 double mutant, the floral organs do not abscise if they
are left untouched (Butenko et al., 2003). At flower stage 15
both WT and mutant flowers are fully open but the petals
have not abscised (Niederhuth et al., 2013). Stage 15 flowers
correspond to approximately the same developmental stage as
flowers at positions 3 and 4 used in other studies of Arabidopsis
floral organ abscission (Patterson and Bleecker, 2004; Cai and
Lashbrook, 2008; Cho et al., 2008; Basu et al., 2013; Liu et al.,
2013). In wild-type flowers at positions 3–4 abscission-associated
gene expression has already begun and the break-strength of
the petals has started to decline but the petals have not fallen
off under their own weight (Kim and Patterson, 2006; Cai
and Lashbrook, 2008; Niederhuth et al., 2013). The levels of
auxin and ethylene in this system are unknown. Nonetheless,
ethylene can accelerate abscission of Arabidopsis floral organs
(Gonzalez-Carranza et al., 2007) but it does not appear to
be essential because floral organ abscission is only delayed
in ethylene-insensitive mutants (Patterson and Bleecker, 2004).
Moreover, auxin also plays a role in Arabidopsis floral organ
abscission (Basu et al., 2013). If auxin levels are genetically up-
regulated or down-regulated in the AZ of Arabidopsis floral
organs, abscission is delayed or accelerated, respectively (Basu
et al., 2013). Thus, although the experimental approach to study
Arabidopsis abscission is different from soybean and tomato
and ethylene appears not to be essential to Arabidopsis floral
organ abscission, comparison of differential gene expression in
the transcriptomes of WT and the hae-hsl2 mutant to soybean
and tomato provides additional information and confirmation of
conserved molecular and metabolic processes that contribute to
organ separation.
Overview of Differential Gene Expression
We plotted the overall change in expression for those genes that
changed markedly over time in the AZ and NAZ of soybean
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and tomato and between WT and hae-hsl2 of Arabidopsis. For
soybean and tomato we used an arbitrary threshold for a change
in gene expression of >8-fold (log2>3 or <-3) (Figure 1). In
soybean where the auxin source has been removed and the
explants treated with ethylene, approximately 5% of all the
expressed genes displayed an increase in expression of >8-fold
in both the AZ and petiole; however, the expression of a much
greater number of genes, 30%, decreased >8-fold (Figure 1A).
Although 5% of all the genes increased and 30% decreased,
only about 1% of the genes were expressed in an AZ-specific
manner. Interestingly, at 72 h the 5% of the genes that increased
in expression accounted for 50% of the transcripts in the
transcriptome of both the AZ and petiole (Figure 1A). There was
also a significant increase in transcripts that were AZ-specific but
still much less than the total. In tomato, there was a similar but
much smaller decline in gene expression that is common to both
AZ andNAZ (Figure 1B). In tomato flowers, which abscise much
more rapidly than the soybean leaves, approximately 2% of the
genes changed expression >8-fold by 16 h, which accounted for
almost 9% of the transcripts in the transcriptome; however, 90%
of the gene expression was AZ-specific (Figure 1B). A possible
explanation for why most of the differential expression >8-fold
was AZ-specific in tomato may be that ethylene synthesis was
greater in the AZ than the NAZ (discussed later).
In Arabidopsis, the magnitude of differential gene expression
between WT and the mutant was relatively small. Less than
2% of the genes increased in expression more than 2-fold,
log2>1, which accounted for only a 0.5% change in the total
transcriptome (Figure 1C). There are at least two explanations
for the small difference in gene expression between the WT and
hae-hsl2 receptacles. First, the receptacle collection was an early
stage of abscission, and, second, the IDA signaling path is one
of several signals that regulate gene expression in Arabidopsis
abscission (discussed later).
The leaves and flowers were removed from the soybean and
tomato explants, respectively, and, as expected, the removal
of the auxin source is reflected in a general decline in auxin
associated gene expression in both the AZ and NAZ (Figures 2,
3). Nonetheless, there were a few auxin-associated genes that
increased in an AZ-specific manner in both soybean and
tomato (Figures 2, 3) and many of these were linked to
auxin movement (e.g., PIN) or auxin conjugation (e.g., GH3)
(Supplemental Files S2, S3).
The soybean explants were treated with ethylene and because
of this there was an expected non AZ-specific increase in gene
expression for ethylene-associated genes linked to senescence
and programmed cell death (PCD) (Figures 2A, 3A). There
was also an expected increase in ethylene-induced defense gene
expression (PR gene expression) (Figures 2A, 3A); nonetheless,
several PR genes were expressed AZ-specifically (see below). In
tomato, the increase in ethylene-associated genes (senescence,
PCD and PR genes) was mostly AZ-specific (Figures 2B,
3B). In both soybean and tomato there was an AZ-specific
increase in expression of genes for ethylene synthesis (i.e.,
ACS and ACO) (Supplemental Files S2, S3). This would suggest
that in tomato ethylene synthesis was AZ specific whereas
in soybean, because the explants were treated with a high
concentration of ethylene, the AZ-specific synthesis of ethylene
was inconsequential. Thus, in tomato, ethylene-induced gene
expression was AZ-specific due to the synthesis of ethylene in the
AZ tissue.
Changes in the Transcriptome Linked to
Cell Wall Disassembly
Genes within the categories for cellulases (CELs), pectinases
(PGs) and pectin lyase-like (PGs and PLs), EXPs, XTHs were
selected based primarily on their annotation, which is most often
derived from the most similar gene sequence in Arabidopsis.
The category labeled cellulases included any gene annotated as
cellulase or glycoside hydrolase (GH) family 9, but genes in the
subfamily GH9A1 were placed into the cellulose biosynthesis
category, which is more appropriate for KORRIGAN-like
cellulase genes (Doblin et al., 2002).
As expected, AZ-specific gene expression for cell wall
disassembly proteins increased markedly in soybean, tomato
and Arabidopsis (Figures 1, 2). Of interest in regard to cell
wall disassembly was an unexpected result for XTH expression
in soybean leaf abscission. Transmission electron micrographs
indicate that cellulose microfibrils (striations) are untethered
during abscission but not degraded (Hall and Sexton, 1974).
It is generally accepted that a xyloglucan network plays an
important role in tethering cellulose microfibrils and, along with
pectins distributed within the primary cell wall, may influence
the free movement of proteins and other large compounds across
the primary cell wall out to the middle lamella (Carpita and
Gibeaut, 1993; Cosgrove, 2001). It was surprising to find that in
soybean no XTHs were up-regulated in an AZ-specific manner
and most XTHs declined (Figure 2). However, in tomato and
Arabidopsis there was an AZ-specific increase in expression of
XTH. Ethylene treatment of soybean may be part of the reason
for this difference. It is plausible that XTHs also play a role
in in ethylene-induced senescence and this is why XTH was
not LAZ-specific. However, there is another possibility. Cellulase
(beta-1,4-endoglucanase) activity is assayed using carboxymethyl
cellulose, which is a soluble cellulose derivative (Urbanowicz
et al., 2007). In vitro assays with purified plant cellulases by
themselves do not degrade crystalline cellulose microfibrils. The
in vivo substrates for cellulases are not known. Therefore, it
is possible that some cellulases may cleave chains of beta-
1,4-glucans within xyloglucan polymers that fix the cellulose
microfibrils in place (Hayashi and Kaida, 2011; Eklöf et al.,
2012), or they cleave beta-1,4-glucans at the surface of the
microfibrils that play a role in tethering and crosslinking the
microfibril network. Transcription ofGmCEL01 increased earlier
than other cell wall loosening enzymes during soybean abscission
(Figure 3A). It is possible that the role of the GmCEL1 enzyme is
to loosen the hemicellulosic fraction (xyloglucans, etc.) or their
tethering to the cellulose microfibrils, which then opens up the
cell wall for movement of protein and other compounds out to
the middle lamella.
A heat map (Figure 2) is useful to display a general perspective
on the expression patterns within each category of genes, but it
does not take into account transcript abundance. For example,
GmCel01, (Glyma11g02350, accession U34755) accounted for
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FIGURE 1 | Overall perspective on major changes in gene expression during abscission of soybean leaves, tomato flowers and Arabidopsis floral
organs. (A) The percent of soybean pulvinar leaf abscission and the percent of genes with greater than 8-fold change (log2 >3 or < −3) in expression relative to the
total number of genes expressed (37,572) and the differential expression of the same genes relative to the average total RPKM for each RNA sample (666,213RPKM).
(B) Similar to (A) except that tomato flower abscission had 26,572 expressed genes with a total average microarray signal of 64,696,620. (C) The percent of
expressed genes in wild-type Arabidopsis receptacles relative to genes in the double mutant hae-hsl2 and the differential expression of the same genes (Niederhuth
et al., 2013). In the Arabidopsis data, 20,883 genes were counted as expressed with a total mean of 38,770,114 reads. Because differential expression was much
less in the Arabidopsis data, 2-, 4-, and 8-fold differences are plotted as a bar graph.
approximately 75% of the RNA for the 27 CELs expressed in
the soybean LAZ (Figure 3A). The same was true for tomato
where SlCEL1 accounted for 75% of the transcript for 17 CELs
(Figure 3B). Similarly, one or just a few PGs accounted for most
of the transcript in both soybean and tomato AZ (Figures 3A,B).
This was not necessarily the case for other gene families (Figure 3
and Supplemental Files S2–S4).
Expression of EXPs in abscission was more complex. In
soybean, EXPs increased markedly in both the LAZ and petiole
but only alpha EXPs were AZ-specific, but the AZ-specific
expression of alpha EXPs was less than 10% of the overall
expression for EXPs (Figure 3A). EXP expression in tomato
had an AZ-specific component to it but the level of EXP gene
expression was already relatively high at 0 h (Figure 3B). Based
on our results, the role of EXPs in abscission is not easily
interpreted.
Gene expression for cell wall disassembly in Arabidopsis
abscission will be discussed in greater detail later. Nonetheless,
the expression of CELs, PGs, EXPs, and XTHs were
significantly higher in WT than the mutant (Figure 3C and
Supplemental File S4). What was most surprising in contrast
to soybean and tomato abscission was that the level of gene
expression for all of the cell wall disassembly genes in both
the WT and the hae-hsl2 mutant started at fairly high levels
(Supplemental File S4).
Expression of Cellulose Synthases and
Typical Primary Cell Wall Proteins
We considered the possibility that the cell wall and middle
lamella of fracture plane cells would be degraded but once
separation was complete the same cells would synthesize a new
cell wall much like the previous one that included new cellulose
microfibrils, hemicelluloses and protein. The primary wall of
a plant cell consists of approximately 20% protein (Carpita
and Gibeaut, 1993). To assess whether or not a typical cell
wall was synthesized we examined the expression of cellulose
synthesis genes and typical primary cell wall proteins, extensins
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FIGURE 2 | Continued
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FIGURE 2 | Heat map display of expression profiles for genes in soybean leaf pulvinus AZs (LAZ) and petioles with the AZs removed (NAZ-pet), tomato
flower AZs (FAZ) and proximal pedicel (NAZ) and Arabidopsis wild type (WT) and hae-hsl2 mutant receptacle AZs. (A) Soybean, (B) tomato, and (C)
Arabidopsis gene expression. The expression profiles are presented as ratios for AZ-specificity (AZ/NAZ), and as ratios for AZ expression at different time intervals
relative to 0 h (start of ethylene treatment of soybean or removal of auxin source for tomato), e.g., 12/0, 24/0, 48/0, or 72/0 h. The bars at the top left of each category
mark genes whose expression is >8-fold AZ-specific (AZ/NAZ) and >8-fold up-regulated (time interval/0 h). The scale at the bottom indicates the color representing
the log2 ratio and ratio listed next to it. The color scale for Arabidopsis is different than soybean and tomato because differential expression was less in the
Arabidopsis tissues. The genes in each category, their nomenclature, log2 ratios, and annotations are given in Supplemental Files S2–S4 for soybean, tomato and
Arabidopsis, respectively.
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FIGURE 3 | Line graphs (soybean and tomato) and volcano plots (Arabidopsis) showing the change in gene expression for selected groupings of genes
and some individual genes. The percent of abscission is indicated in the graph at the top left corner the sections for (A) soybean and (B) tomato as a reference. (A)
The Y-axes indicate the percent expression relative to total RPKM for all 37,572 expressed soybean genes (transcriptome). The X-axes indicate the length of
(Continued)
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FIGURE 3 | Continued
exposure to ethylene. Solid circles represent expression in the LAZ and the open triangles in petioles (NAZ-pet). (B) Similar to (A) but The Y-axes indicate the percent
expression relative to total microarray signal for 26,527 expressed tomato genes. The X-axes indicate the hours after removal of the flowers, auxin source. Solid circles
represent expression in the FAZ and the open triangles in NAZ. The number within the parenthesis to the right of each category or gene name is the number of genes
included for that particular graph. Plots with an L2>3 after the number in parentheses show the cumulative expression for only those genes with a significant 8-fold
increase in expression (p < 0.015 and log2>3 for any time relative to 0 h). Standard error bars cannot be calculated for plots of multiple genes. (C) Volcano plots of
differential expression in WT/hae-hsl2 receptacles at developmental stage 15. Y-axes are the −log10 of the p-values. A p < 1% (<0.015) is a p-value of −log10 >2,
which is indicated by the horizontal line through the middle. Any expression with a p-value (significance) of less than 0.0001 (−log10>4) was set to a minimum of
0.0001, which is why many points align across the top. The X-axes are the log2 ratios for expression (reads) of WT/hae-hsl2. The genes in each category, their
nomenclature, log2 ratios, and annotations are given in Supplemental Files S2–S4 for soybean, tomato, and Arabidopsis, respectively.
FIGURE 4 | A schematic model depicting the sequence of events in AZ
formation and organ separation. Stages 1 and 2, AZ differentiation and
competence to abscise are combined; Stage 3, activation of abscission, is
divided into two temporally overlapping sub-stages, cell wall loosening and
synthesis of a boundary layer; Stage 4, synthesis of a protective layer and
post-abscission trans-differentiation.
(EXTs), arabinogalactan proteins (AGPs), proline and glycine-
rich proteins, and hydroxyproline-rich glycoproteins (HRGPs).
In soybean, the expression of almost all of these genes declined
(Figures 2A, 3A); however, in tomato and Arabidopsis, this
grouping of genes were mostly unchanged or increased slightly
(Figures 2B,C, 3B,C). Based on these observations, we conclude
that cellulose synthesis and synthesis of typical primary cell wall
proteins are not a significant part of abscission or formation of a
protective layer.
Synthesis of a More Proteinaceous
Extracellular Matrix
Overall there was a strong up-regulation of PR genes. It might
seem odd to include PR gene expression under the sub-
heading of synthesis of a new and different extracellular matrix
because the role of PR gene expression during abscission is
customarily assumed to protect the vulnerable abscising cells
from opportunistic pathogen invasion (Del Campillo and Lewis,
1992). However, the first and possibly themost important defense
against pathogens is a structural barrier, which includes the
cell wall and cuticle (Hamann, 2012). However, at the site of
a microbial infection, the cell wall is further reinforced by
the synthesis of papillae (Voigt, 2014). Callose, a 1-3 linked
beta glucan polymer, is major component of papillae. Because
gene expression for callose synthesis is either down-regulated
or unchanged in all three abscission systems, we conclude that
callose is not a primary component in the new extracellular
matrix (Figures 2, 3). Nonetheless, what is important to
successful organ separation is the creation of a flexible barrier to
pathogens that both inhibits infection and allows cell expansion.
We argue that in addition to an enzymatic role in the defense
against pathogens, a remodeled extracellular matrix containing
an abundance of small PR proteins is important to the actual
separation process. An extracellular matrix made up of cross-
linked protein rather than long chains of polysaccharides, i.e.,
callose, cellulose or hemicelluloses, might better allow for cell
enlargement that creates the physical stress across the fracture
plane, but still provide enough structure to prevent the fracture
plane cells from rupturing.
What is the PR protein composition of the extracellular
matrix? It does not appear to be the same in each of the
three systems. In soybean, thaumatin begins to increase early
and by 48 h expression of thaumatin accounted for 5% of
the AZ transcriptome (Figure 3A and Supplemental File S2).
Expression of Chitinase and beta-1,3-glucanase is also greatly
up-regulated in an AZ-specific manner. In tomato, chitinase
and kunitz trypsin inhibitor are abundantly expressed in the
AZ but thaumatin is not as strongly expressed (Figure 3B). In
Arabidopsis, thaumatin, kunitz trypsin inhibitor, and chitinase
are all more highly expressed in WT than the mutant
(Supplemental File S4).
PAR1 (photoassimilate-responsive-1) is also considered to be a
PR gene (Herbers et al., 1995).We have separated PAR1s from the
others because they exemplify our view that synthesis of a new
protein-rich extracellular matrix is important to the separation
process. PAR1s are expressed in an AZ-specific manner in all
three systems with an expression profile much like the AZ-
specific CELs and PGs. PAR1s are small proteins (approximately
18 kDa) with no known enzymatic function but have several
cysteines that might support protein cross-linking in the cell wall.
Also, PAR1s are highly conserved in both dicots and monocots
(Supplemental File S5).
Synthesis of a Waxy Cuticle
Now, to detail and discuss our observation that was somewhat
unexpected for us because it is not commonly discussed in
the abscission literature as being a part of the separation
process but rather a part of the synthesis of a protective layer
after separation has occurred. We found an early AZ-specific
increase in gene expression of several genes that are best
linked to the synthesis and secretion of a waxy cuticle. Because
both wax and suberin biosynthesis require protein for lipid
modification and transport and phenylpropanoid metabolism,
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we have also included suberin-associated genes in this category.
Genes included in the wax-suberin category were selected based
on the cuticle synthesis genes listed by Suh et al. (2005), suberin
biosynthesis genes listed by Soler et al. (2007) and genes whose
gene ontology (GO) annotation included terms for lipid or fatty
acid synthesis or modification. Peroxidases are also a part of wax
and suberin synthesis. Gene expression for several peroxidases
and laccases increased markedly during abscission and some
quite early. Although peroxidases and laccases may be involved
in the synthesis of waxes and suberin, they may also be tied
to cross-linking of protein and pathogen defense (Matheis and
Whitaker, 1984; Almagro et al., 2009). For this reason, we
have put peroxidase and laccase genes into their own category.
Nonetheless, collectively, we conclude that independent of the
category they are included in peroxidases and laccases are a part
of creating a new and different extracellular matrix.
In soybean, there was more than a 50% decline in the
expression of the 570 genes in the wax-suberin category
(Figure 2A). This is probably because cuticle synthesis is not
generally required for senescing tissue. However, there was a
subset of 10 wax synthesis genes that were significantly up-
regulated in the AZ more than 8-fold within the first 12 h
(Figure 2A). This was significantly earlier than the increase for
CELs or PGs. Three of the 10 wax synthesis genes encoded
GDSL-like lipases, which are important to cuticle synthesis
(Yeats and Rose, 2013), and the most AZ-specific of the
10 was a CER4, Jojoba acyl CoA reductase, which is also
important to the synthesis of a wax cuticle (Rowland et al.,
2006) (Supplemental File S2). In addition to fatty acid and wax
synthesis, there was a strong AZ-specific increase in four lipid
transfer proteins (LTP) (Figure 3A). In tomato, we found 19
wax synthesis and 8 LTP genes that increased specifically in the
AZ more than 8-fold (Figure 3B). Like soybean, the most AZ-
specific wax synthesis gene in tomato was a CER4, Jojoba acyl
CoA reductase (Supplemental File S3).
Gene expression for wax synthesis and lipid transfer is
particularly interesting in the Arabidopsis data. This category of
genes (wax-suberin) had the greatest difference between the WT
and the hae-hsl2 mutant (Figure 3C and Supplemental File S4).
Moreover, if one sorts the original published Additional file 2
(fold-change calculated for the opposite ratio, i.e., mutant/WT)
the gene showing the greatest difference between WT and
the mutant was a bifunctional inhibitor/lipid-transfer protein
(AT4G22485.1) and the third gene in the sorted file was a GDSL-
like lipase (AT5G03810.1) (Niederhuth et al., 2013). Both of
these cuticle-associated gene families are strongly up-regulated
and AZ-specific in soybean and tomato (Supplemental Files S2,
S3). When the original Arabidopsis Additional file 1 was
sorted this way, the first cell wall disassembly gene, PGAZAT
(AT2G41850), was not even in the top 50 differentially expressed
genes. The large differential expression of putative cuticle
synthesis genes in the Arabidopsis data may be significant to
an interpretation of the role of IDA signaling in abscission
(discussed below).
It should be noted that expression of LTPs in abscission has
been previously reported (Agusti et al., 2009; Nakano et al.,
2013). Here we put LTPs expression in context with additional
observations and propose that synthesis of a waxy-like cuticle is
important to successful organ separation.
Comparison to Separation During
Organogenesis
Based on our abscission transcriptome results, it appears that an
early up-regulation of gene expression for synthesis and secretion
of a waxy cuticle-like substance during abscission is a common
feature for abscission in many species. One possible explanation
for this is that the separating cells need to be protected from
water loss (Samuels et al., 2008). Also, synthesis of a cuticle
could be part of a defense mechanism (Samuels et al., 2008).
However, there is another possible role for synthesis of a waxy
cuticle. Arabidopsis has proven to be an excellent model system
for the study of cuticle synthesis (Samuels et al., 2008; Shi et al.,
2011; Yeats and Rose, 2013). Interestingly, a common phenotype
for knockout mutants for transcription factors and other genes
related to the synthesis of the cuticle is that organs remain
fused or display structural anomalies (Shi et al., 2011; Yeats
and Rose, 2013). Fused floral organs were also observed in a
wax-deficient mutant in tomato (Smirnova et al., 2013). The
composition of the extracellular matrix around boundary cells
that separate organs in the meristem is not well understood
(Žádníková and Simon, 2014). Nevertheless, based on the genetic
results, it seems likely that the synthesis of a cuticle like substance
plays a role in the separation of organs in the meristem. It seems
plausible that a similar process might be implemented during
abscission of leaves, flowers, fruit, or floral organs. Moreover,
expression of meristem-associated developmental genes in AZ
seems to be consistent with this hypothesis (Wang et al., 2013).
It should also be noted that modification of pectin structure was
found to play a role in organogenesis (Peaucelle et al., 2011).
Organogenesis appears to have many features in common with
abscission.
Synthesis of a Boundary Layer and
Hormonal and IDA-Like Signaling
If the synthesis of a waxy, cuticle boundary is important
to successful organ separation, you might assume someone
would have identified Arabidopsis mutants that were linked
to this function. We suggest that the ida, hae-hsl2 mutants
are more closely linked to the synthesis of a cuticle-like
boundary layer than expression of genes for cell wall disassembly.
To explain, first, although we do not have a time course
comparison of WT and hae-hsl2, differential expression of
cuticle synthesis and peroxidases genes was greater in this
data than for cell wall disassembly genes (Figure 3C and
Supplemental File S4) (Niederhuth et al., 2013). Moreover,
break-strength measurements for the ida and hae-hsl2 mutants
indicate that IDA-signaling affects only a part of the separation
process (Cho et al., 2008; Liu et al., 2013). Break-strength is
a measure of the force needed to pull the distal organ, e.g.,
petal, away from the proximal organ, e.g., receptacle (Craker
and Abeles, 1969; Del Campillo and Bennett, 1996). In WT
flowers, the petal break-strength begins to decline at flower
position 3 soon after the flowers open (Patterson and Bleecker,
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2004). Break-strength of WT petals continues to decline until
positions 6–8 when the petals, stamens and sepals fall off from
their own weight. In the ida mutant (Butenko et al., 2003),
which has an abscission phenotype very similar to the hae-hsl2
mutant (Cho et al., 2008), the petal break-strength also begins
to decline at position 3 but declines at a slightly slower rate
than WT; however, between flower positions 8–12 the petals
begin to re-adhere to the receptacle so that by position 22
the petals are senescent but have regained a break-strength
approximately equal to that of a flower at position 2 (Butenko
et al., 2003). Scanning electronmicrographs (SEM) of the fracture
plane cells of WT petals on flowers at positions 10 show nicely
rounded and enlarged cells. SEM micrographs of the petal
fracture plane of ida at flower position 10, when break-strength
was at its lowest, displayed partially enlarged and rounded cells
(Butenko et al., 2003). However, at flower position 22 of the
ida mutant, after the petals had re-adhered to the receptacle
and were forcibly pulled off, the micrographs of the fracture
plane displayed cells that were broken and torn (Butenko et al.,
2003). Clearly, part of the abscission process is implemented in
ida but the process is incomplete. The nevershed (nev) mutant,
that has a defect in the cellular secretion process through the
golgi apparatus, also displays a V-shaped break-strength profile;
however, the cells in the fracture plane at the lowest break-
strength appear to enlarge even more than in the WT cells
(Liu et al., 2013). The phenotypes of ida, hae-hsl2, and nev
are similar but crosses between them suggest that NEVERSHED
expression is not solely dependent on IDA signaling (Liu et al.,
2013). Nevertheless, the nev mutant may also affect secretion of
components needed for synthesis of a waxy cuticle more than cell
wall disassembly.
It is possible based on the results and interpretations we
have presented here that IDA signaling in Arabidopsis plays
a greater role in the synthesis of a new boundary layer than
cell wall disassembly and that this boundary layer appears to
aid in successful floral organ separation. Can we propose a
similar role for IDA in soybean, tomato and other abscission
processes? IDA-like genes are highly conserved in dicots and
also found in some monocots (Vie et al., 2015). In soybean
leaf abscission and tomato flower abscission there is an AZ-
specific up-regulation of IDA-like gene expression (Figures 2,
3 and Supplemental Files S2, S3). However, nobody to the
best of our knowledge has demonstrated that IDA signaling is
necessary for successful organ separation in any species other
than Arabidopsis. It is worth mentioning here that we have
used virus-induced gene silencing (VIGS) to suppress IDA-like
expression in soybean and did not observe any effect on leaf
abscission (results not shown). Regulation of abscission is a
nexus of signaling events including ethylene, auxin, IDA, and
others (Taylor and Whitelaw, 2001; Gonzalez-Carranza et al.,
2012; Liljegren, 2012; Aalen et al., 2013; Kim, 2014; Tucker
and Kim, 2015). It is possible that, even if IDA-signaling
plays a more prominent role in regulating the synthesis of a
boundary layer, a separation phenotype in IDA-like suppressed
mutants will not be obvious in many abscission systems because
disassembly of the cell wall and middle lamella is sufficient
when the distal organ has a mass greater than that of a flower
petal, stamen, or sepal. Nevertheless, we propose a modification
to the abscission model to include synthesis of an extensible
boundary layer early in the abscission process that is different
from the deposition of a protective layer (Figure 4). However, the
waxy cuticle synthesized early during separation may become a
part of a more rigid protective layer deposited after separation.
Moreover, as suggested much earlier by Patterson and Bleecker
(2004), we reassert that multiple hormonal and peptide signals
regulate the rate of abscission and successful organ separation
and these different signals do not necessarily regulate the same
set of genes. Of interest in this regard was that differential
gene expression of ethylene (e.g., ERFs) and auxin-associated
genes (e.g., SAUR, AUX.IAA) was not greatly changed between
WT and hae-hsl2 Arabidopsis receptacles at flower stage 15
(Figures 2C, 3C). This further supports a model where IDA
signaling does not directly affect ethylene or auxin signaling
in Arabidopsis floral organ abscission and that multiple signals
influence abscission. What is necessary is discovering how these
signals work together and independently to bring about a
successful separation process.
CONCLUDING REMARKS
Fruit softening includes expression of cell wall and middle
lamella degrading enzymes (Tucker, 2014). The fruit ripening
genes that affect cell wall modifications are not necessarily the
same genes as those expressed in abscission, but they likely
have similar functions. However, cell separation is not the
same in a ripe fruit as it is in the fracture plane. Evaluation
of the transcriptome of the pericarp of a wild-type ripening
tomato (Osorio et al., 2011) indicated strong up-regulation of
CELs, PGs, EXPs, and XTHs but not a marked increase in wax
synthesis genes or lipid transfer proteins (Supplemental File S6).
Could it be that an important difference between fruit ripening
and abscission is the synthesis of a cuticle-like boundary on
the abscission cells? Our proposal that a waxy-like cuticle is
important to the abscission process is further supported by
observations for separation during organogenesis. It seems to
make evolutionary sense that abscission of plant organs would
be an adaptation of a primal process occurring in the meristem.
Although we do not know the exact composition of the abscission
boundary layer, our proposal can be tested genetically and
biochemically.
SEQUENCE SUBMISSION
The raw soybean sequence files have been submitted to
the National Center for Biotechnology Information (NCBI)
SRA databases with the study accession SRP050050. The
soybean results including RPKM and annotations for
all 54,175 genes can be downloaded at http://sgil.ba.ars.
usda.gov/mtucker/Public/Tucker.html. The raw tomato
sequence data and array information were submitted
to the Gene Expression Omnibus (GEO) at the NCBI
with GEO IDs GSE45355 and GSE45356, and array ID
AMADID:043310.
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